Abstract-It is widely recognized that water tree degradation would cause serious problems and it is generally agreed that is one of the most hazardous factor in the life of XLPE power cables and hence a major cause of MV power insulation premature failure. Such accidents affect the power supply system operation and reliability. Therefore, many techniques have been developed and employed in order to detect water tree at the early stages. In this context, the loss current technique is a suitable method for investigating slight degradation, since the cable degradation by water tree gives rise to harmonics components in the loss current. A comparative analysis of the values of various performance parameters that has been used in studies to evaluate the water tree degradation in power cables, obtained from the different loss current measuring circuits, is presented. This comparative analysis is made through a mathematical procedure and confirms the possibility to identify, with a very good accuracy, the loss current only from the measured leakage current without the need for specific measurement circuit used to distinguish the loss current that flows in the insulation layer. Furthermore opens the possibility to use the Fryze's equivalent conductance to eliminate in real cases the fundamental capacitive current of the total leakage current and perform online diagnosis only from the applied voltage and total leakage current measurements.
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Introduction
Questions related to power quality definitely challenge engineers all over the world. Amongst these, the matter of energy supply reliability emerges as an important point towards the improvement of continuity indexes such as the duration and frequency of interruptions. In this way, the information associated to the operational condition of equipment such as transformers, power cables, have a relevant role in the behavior of the electrical system. The reference [1] reported that many factors can result in the formation of faults in power cables and accessories. These could form in the process of manufacturing, handling, storage, transportation and installation.
Among the most prominent phenomena responsible for the degradation of power cables, the water tree [2] [3] [4] consists in a relatively common problem that is developed in the insulation layer of these components, as at Fig.1 . Usually, it occurs when power cable is immersed in humid environment and presents voids and impurities inside the insulation or protrusions in the semiconductor layer of XLPE cables. Figure 2 shows the physical conception and allows noting two different and complementary circuits. The first one is destined to represent the healthy portion of the cable (multiple RC sets combined in a parallel association). The second one is composed by a series combination of a nonlinear arrangement, which includes a nonlinear resistance and is intended to represent the insulation damage, and a linear circuit, aiming to indicate the healthy regions around water tree deterioration. Naturally, the values assigned to these parameters will dictate the level of degradation involved in each situation under analysis. In Figure 2 :
• Cnd -Equivalent capacitance to the non-degraded cable extension;
• Rnd -Equivalent resistance to the non-degraded cable extension;
• Cd -Equivalent capacitance to the degraded region along the deteriorated cable insulation extension;
• Rd -Equivalent resistance to the degraded region along the deteriorated cable insulation extension;
• C'nd -Equivalent capacitance to the non-degraded region along the deteriorated cable insulation extension;
• R'nd -Equivalent resistance to the non-degraded region along the deteriorated cable insulation extension.
Aiming at the diagnosis of the operational conditions of an insulated cable, in terms of life expectance, several methods have been developed and employed to evaluate, predict, and indicate the operational status of operating cables. In particular, when seeking practical ways for determining the final effects of water tree phenomenon on cable degradation, several researches are intended to propose procedures to detect this kind of failure through the extraction of information from performance parameters that indicate the degradation level of the insulation layer of a power cable and help the decisions about the replacement of the cables. Some methods examine the component in a de-energized condition while others are based on measurements carried out with an energized cable but without load. The reference [5] describes a synthesis of these strategies.
The present article is inserted in the context of the diagnostic method utilizing the harmonics in the loss current as a technique to diagnose water tree deterioration in XLPE cables. The latter current is called loss current as it relates to power losses in the insulation. As water tree degradation advances, the loss current waveform becomes distorted and harmonic components are included as result of nonlinear voltage-current characteristic of the water tree. The evaluation of these current harmonics provide a suitable diagnostic method for evaluating, predict, and indicate the operational status of operating cables. The reference [6] presents a brief review on methods introduced in literature to utilize the loss current as a diagnostic tool to identify and quantify the power cable degradation.
Diagnostic method using harmonic in loss current
It is known that dielectric dissipation factor of cable insulation increases and its breakdown voltage decreases with the growth of water trees in the cable insulation [5] , therefore one of the oldest techniques still frequently used for diagnosis insulation condition is the dielectric loss tangent measurement. The ratio of loss current to capacitive current (tanδ) is extremely important as property for showing the insulation loss.
The technique using tanδ is an effective diagnostic technique in cases where deteriorations are uniform. Therefore it cannot discriminate between the occurrence of numerous water trees with slight deteriorations, and a few water trees with serious deterioration [7] .
Measurement of the harmonic distortion of the insulation loss current also has been used as a diagnostic tool to detect and quantify the degradation level. The THD values exhibits much stronger dependence with electric stress than the dielectric losses. This results suggests that tanδ in the case of the insulation with predominantly medium size water tree may be unable to detect the presence of less frequent but longer trees. The Total Harmonic Distortion of loss current would better detect the long trees than by the tanδ values due to the correlation between the average water trees length with the THD is better than the correlation with the tanδ. The THD measurement can better differentiate the degradation of various stages of water tree than the loss tangent measurement [8] .
Furthermore, examining the third harmonic loss current waveform parameters (i.e., amplitude I3, phase angle θ3) it is possible to evaluate the water tree degradation. As the deterioration advances, the I3 tends to grow and the θ3 decreases, showing a trend to a fixed direction [7] .
Moreover, there is an extremely good correlation of θ3 with the extent of development of water trees and degradation of the breakdown strength [9] . The loss current technique is a diagnostic method that can be used to identify the un-bridged water tree, which can induce the sudden breakdown [10] . Then for the high-voltage class power cable, an accurate detection of this un-bridged water tree becomes important due its higher operating stress.
In addition, as the deterioration progresses, the insulation resistance usually decreases [11] and the shunt capacitance of the cable increases [12] . This behavior can be used as a signal of insulation deterioration in XLPE cables.
Experimental loss current measurement circuit
The loss current technique requires the identification of the loss current flowing in the insulation layer which is used as reference to identify the degree of the cable insulation degradation. A schematic diagram [13] of the experimental which is used for identify the loss current circuit is shown in Fig. 3 . Fig. 3 . Loss current measuring circuit -procedure 1 [13] The basic operating principle of the above scheme is described below.
First, it is necessary to identify the currents flowing in each branch of the circuit, as follows: IN (t) corresponding to the non-degraded sample current, ID (t) corresponds to a degraded sample current and [IN (t) -ID (t)] is the output current of the differential amplifier. The same sinusoidal voltage is applied to non-degraded and degraded samples. The voltages across the R1 and R2 resistors are connected to a differential amplifier. By observing the waveform current in the differential amplifier on a oscilloscope is possible to identify the loss current by adjusting the resistance used for detecting the current through the non-degraded sample to make the difference current, IN (t) -ID (t), in phase with the applied voltage [14] .
If the applied voltage is defined as a standard vector V the vectors IN and ID for the changing currents through the nondegraded and water-treed samples, respectively, are shown in Fig.4 . Fig. 4 . Definitions of loss current [14] It is noteworthy that, although the recognition that the waveform associated with the degradation process of the insulation gives rise to non-sinusoidal currents, the vector representation merely show the process of the composition's currents components presented in the study.
Note that this procedure does not consider the possibility of harmonic capacitive current, because only the fundamental frequency is considered in the capacitive current. Fig.5 shows the waveform of the loss current component of the leakage current obtained using the measurement circuit presented in Fig. 3 . In this case, a voltage of 5 kV peak-to-peaks (1 kHz) was applied and the growth of the water tree in the sample is 90% [13] . Fig. 5 . Water tree deterioration and measured loss current [13] Another procedure also used to determine the loss current of the leakage current in a degraded sample cable is shown below. In this case instead of using the operational amplifier circuit based on capacitive bridge as shown in Fig.6 . A no-loss standard capacitor is connected in parallel with the sample and a bridge circuit maintains the current balance in both components. The loss current is obtained by subtracting the capacitive current of the total current flowing in the sample. Loss current waveforms are obtained as discrete numerical data using a digital oscilloscope. A test voltage of 1 kV (50 Hz) was used in current loss measurement [7] . Fig. 6 . Loss current measuring circuit -procedure 2 [7] On the other hand the Fig. 7 shows loss current waveform obtained from degraded sample using the measurement circuit presented at Fig.6 . The water trees were generated by forming a liquid electrode of 1 mol/1 of NaCl solution on one side of an XLPE sheet sample (0.5 mm thick) and applying a voltage of 3 kV (1 k Hz) for 500 hours, causing a degradation that reached significant portion of the sample used in the experiment. This loss current waveform was obtained from the original measured waveform as discrete numerical data by means of specific software developed by the authors. Fig. 7 . Water tree deterioration and loss current waveform [7] Observing the waveform shown in Fig. 7 , procedure 2, and comparing it with the waveform shown in Fig.5 , procedure 1, there is a significant difference from one to another. The hypothesis for this discrepancy is that the loss current obtained by the procedure 1 contains capacitive harmonics. To eliminate these capacitive harmonics in order to prove this hypothesis, is used a mathematical procedure that was developed by the authors and tested with success to recovery the loss current waveform, reported in [15] . This is feasible because through this mathematical procedure it is possible to identify the capacitive current that flows in the insulation due to water tree, as shown below.
Such leakage current constitutes the composition of capacitive current and the loss current, fundamental and harmonics, the total current flowing in the insulation is: 
The harmonic components may also be presented by their orthogonal components as given by equation (4) . 
Therefore, the loss current will be calculated through (7) .
Where Fig.8 shows the vector diagram, containing the currents involved in the determination of the loss current from the total leakage current, considering the fundamental current and the third harmonic current.
It was also pointed out in this case that the use of components at different frequencies is only to show the process of the composition of the current involved in this methodology. Note that the Iwt and Iloss are not phasor because the modules vary with time. Applying these steps in the waveform presented in Fig.9 resulting in a loss current waveform shown in Fig.10 . Note that current waveform shown in Fig.10 has significant similarity with the waveform shown in Fig. 11 (a) obtained from the original measured waveform [7] , and in Fig. 11 (b) , obtained by theoretical model for a sample with water tree extended to 80% [16] , considering only the fundamental and the third harmonic.
Taking in to account the results obtained in reference [15] it is possible to ensure that the difference between the curves obtained by the procedures mentioned above is due to the existence of capacitive harmonic components in the loss current measured by the procedure 1. By having the loss current and the capacitive current it is possible to determine the following parameters: total harmonic distortion, power loss, tanδ, I3 and θ3. These constitute the necessary data to estimate the degree of insulation degradation. Moreover, the equivalent resistor and capacitance can be obtained throughout the relationship between the applied voltage and fundamental component of loss current and fundamental component of capacitive current, respectively.
It is worth noting that in this study, the equivalent capacitance (Ceq) and the dielectric loss tangent (tanδ) were not considered due the unavailability of the total leakage current, corresponding to the experiments considered here.
As already mentioned, the knowledge of the leakage current, allows the determination of a set of indicators to find operational condition of the insulating layer degraded by water tree. In the next item will be discussed if there are significant discrepancies in these indicators, when the loss current is measured by the two measurement circuits focused on this study.
Insulation parameters for diagnostic of power cables due water tree degradation
By knowing, the total leakage current is possible to calculate the following performance parameters: 1) Equivalent insulation resistance Req is determined by the relationship between the peak values of voltage and loss current in the fundamental frequency.
2) Insulation equivalent capacitance Ceq is determined by the ratio between the peak values of voltage and reactive power in the fundamental frequency.
3) The dissipated power (P) is calculated as (9) 2 eq ef P R I 
Where Ief = true rms value of loss current.
4) The total harmonic distortion THD, obtained by (10) These performance parameters were calculated for the loss current obtained in each of the aforementioned procedures and the results are shown in Table I The results presented in Table I indicate that the difference between the values of the parameters is less 1.6%, except for θ3, comparing the values of the two procedures. Therefore, the two measuring circuits permit the same diagnosis of the operating condition of the insulating layer. Moreover, it is important to note that both circuits, by itself, do not apply to real cases. However, this result shows that in real cases is possible to separate the fundamental capacitive current of the total leakage current using the conductance G such was referred to by Fryze as equivalent conductance (12). The following steps are adopted to determine the capacitive fundamental current flowing through the total current: a) Determine the magnitude of the fundamental active current using the Fryze's equivalent conductance; b) Varying the angle of the fundamental active current such that the fundamental capacitive current is a cosine wave with a zero degree phase shift.
This procedure allows to calculate the capacitive current when the active current not in phase with the applied voltage. The authors in theoretical nonlinear loads have identified this situation.
Note that this procedure can be applied in cases where the supply voltage presents distortion because the Fryze's equivalent conductance also applies to systems with distorted voltages.
Conclusions
This investigation presented a comparative analysis of the loss current determined by two measuring circuits that are commonly used to identify the loss current in the leakage current that flows through a sample of XLPE cable degraded by water tree. The results show for the case considered the two measuring circuits lead to the same diagnostic of the power cable insulation because the values of the indicators calculated based on the leakage current have very close except for the third harmonic angle that differs ninety degrees from one circuit to another. The method considered is based on various performance parameters, which are obtained from the loss current that flows in the degraded sample. Furthermore opens the possibility to use in real cases the Fryze's equivalent conductance to eliminate the fundamental capacitive current in the total leakage current and perform online diagnosis, only from the voltage supply and total leakage current measurements, without using specific measurement circuits to determine the orthogonal leakage current components. One aspect to be considered in future studies concerns the elimination the harmonic current contribution in leakage current due to distorted supply voltages.
